The regulation of intracellular Ca 2ϩ levels is achieved in part by high-capacity vacuolar Ca 2ϩ /H ϩ antiporters. An N-terminal regulatory region (NRR) on the Arabidopsis Ca 2ϩ /H ϩ antiporter CAX1 (cation exchanger 1) has been shown previously to regulate Ca 2ϩ transport by a mechanism of N-terminal auto-inhibition. Here, we examine the regulation of other CAX transporters, both within Arabidopsis and from another plant, mung bean (Vigna radiata), to ascertain if this mechanism is commonly used among Ca 2ϩ /H ϩ antiporters. Biochemical analysis of mung bean VCAX1 expressed in yeast (Saccharomyces cerevisiae) showed that N-terminal truncated VCAX1 had approximately 70% greater antiport activity compared with full-length VCAX1. A synthetic peptide corresponding to the NRR of CAX1, which can strongly inhibit Ca 2ϩ transport by CAX1, could not dramatically inhibit Ca 2ϩ transport by truncated VCAX1. The N terminus of Arabidopsis CAX3 was also shown to contain an NRR. Additions of either the CAX3 or VCAX1 regulatory regions to the N terminus of an N-terminal truncated CAX1 failed to inhibit CAX1 activity. When fused to N-terminal truncated CAX1, both the CAX3 and VCAX1 regulatory regions could only auto-inhibit CAX1 after mutagenesis of specific amino acids within this NRR region. These findings demonstrate that N-terminal regulation is present in other plant CAX transporters, and suggest distinct regulatory features among these transporters.
The level of intracellular Ca 2ϩ is regulated in part by active efflux transporters that remove Ca 2ϩ from the cytosol. As well as the P-type Ca 2ϩ -ATPase, an additional efflux mechanism is Ca 2ϩ /H ϩ antiport. Active efflux transporters perform a variety of roles, which include the restoration of cytosolic Ca 2ϩ concentration to its resting level after a signal transduction event, to replenish internal Ca 2ϩ stores, and to provide tolerance from toxic concentrations of Ca 2ϩ (Sanders et al., 1999; Sze et al., 2000) . The vacuole is the predominant Ca 2ϩ store within the cell (Marty, 1999) , and both a Ca 2ϩ -ATPase and a Ca 2ϩ /H ϩ antiporter exist at this organelle (Sze et al., 2000) . The Ca 2ϩ /H ϩ antiporters are high-capacity, low-affinity transporters that efficiently sequester large amounts of Ca 2ϩ when cytosolic Ca 2ϩ concentrations are elevated during a signaling event (Hirschi, 2001) . Recent studies suggest plants contain multiple Ca 2ϩ /H ϩ antiporters (Mäser et al., 2001) . Given the importance of resetting cytosolic Ca 2ϩ levels post-signal transduction, it is important to understand the regulation of the ensemble of Ca 2ϩ /H ϩ antiporters. Yeast (Saccharomyces cerevisiae) has a single vacuolar Ca 2ϩ /H ϩ antiporter, VCX1, whereas Arabidopsis appears to have up to 11 putative Ca 2ϩ /H ϩ antiporters (Mäser et al., 2001) , termed cation exchangers (CAXs), several of which appear to localize to the vacuole (Hirschi et al., 2000; Cheng et al., 2002 ). Vacuolar Ca 2ϩ /H ϩ antiporters have also been biochemically characterized from a variety of other plant species (Schumaker and Sze, 1985; Blumwald and Poole, 1986; Blackford et al., 1990; UeokaNakanishi et al., 1999) . Initially, plant Ca 2ϩ /H ϩ antiporter genes were identified by their ability to suppress the Ca 2ϩ -hypersensitive phenotype of a yeast mutant lacking the vacuolar Ca 2ϩ -ATPase PMC1 and VCX1 (Hirschi et al., 1996; Ueoka-Nakanishi et al., 2000) . CAX1 from Arabidopsis and VCAX1 from mung bean (Vigna radiata) are high-capacity Ca 2ϩ transporters, whereas CAX2 from Arabidopsis has a lower capacity for Ca 2ϩ transport (Hirschi et al., 1996) and can also transport other metals (Hirschi et al., 2000) . Understanding the diversity of function and regulation among the family of CAX transporters is a central component in (Pittman and Hirschi, 2001 ). The CAX1 originally identified by the yeast suppression screen appears to be N-terminally truncated and, thus, constitutively activated; we refer to this as short-CAX1 (sCAX1). Subsequently, we have shown that the NRR regulates CAX1 by a mechanism of N-terminal auto-inhibition (Pittman et al., 2002) . A synthetic peptide corresponding to all 36 amino acids of the CAX1 NRR can strongly inhibit Ca 2ϩ transport mediated by sCAX1 expressed in a yeast expression system and this peptide can also inhibit Ca 2ϩ -induced Ca 2ϩ /H ϩ antiport activity from Arabidopsis root vacuolar-enriched membranes. These findings hint that CAX transporters are regulated by N-terminal domains.
To further address the question of diversity of function among the CAX transporters, we have characterized other antiporters, including CAX3 and CAX4 (Shigaki and Hirschi, 2000; Cheng et al., 2002) . A CAX4 N-terminal truncation gives weak suppression of the yeast vacuolar Ca 2ϩ transport deficiency, whereas CAX3 N-terminal truncations do not (Shigaki and Hirschi, 2000; Cheng et al., 2002) . However, both CAX3 and CAX4 are able to strongly suppress the mutant phenotype if a region of nine amino acids of CAX1, called the Ca 2ϩ domain, is inserted into N-terminal truncated versions of these transporters (Shigaki et al., 2001; Cheng et al., 2002) . Furthermore, the addition of polypeptides, such as the epitope tag hemagglutinin, to the N termini of CAX1, CAX3, and CAX4 allows these transporters to suppress the yeast mutant phenotype (Cheng et al., 2002) . These findings suggest that CAX3 and CAX4 are Ca 2ϩ transporters and that the Ca 2ϩ transport activity of these CAX transporters may also be dependent on N-terminal regulation. However, we are left with the question of whether there are common or distinct regulatory mechanisms among the CAX transporters.
Because many of the plant CAX transporters have significant sequence identity (Mäser et al., 2001; Cheng et al., 2002) , we were interested to determine whether the CAX transporters do in fact differ in the regulation of their activity. By analogy to CAX1, we have proposed previously that all CAX transporters are regulated by the N terminus (Pittman and Hirschi, 2001; Cheng et al., 2002) . Therefore, we investigated whether other CAX transporters also contain N-terminal regulatory domains and compare the function of these domains. In this study, we show that regulation of Ca 2ϩ /H ϩ antiporters by an N-terminal domain is not restricted to CAX1 but is a common mechanism in various CAX transporters both within Arabidopsis and in another plant species. We demonstrate for the first time, to our knowledge, that both Arabidopsis CAX3 and mung bean VCAX1 possess an NRR that has significant sequence similarity to that of CAX1, but that the precise mechanism of regulation varies between these CAX transporters. These findings suggest differential regulation of Ca 2ϩ /H ϩ antiporters and support the hypothesis that different interacting proteins may regulate each isoform.
RESULTS

VCAX1 Contains a Putative NRR
Sequence analysis of VCAX1 shows that like the Arabidopsis CAX genes CAX1 and CAX3, the mung bean Ca 2ϩ /H ϩ antiporter sequence also encodes a long hydrophilic N terminus (Fig. 1) . However, unlike CAX1, full-length VCAX1 is able to suppress the Ca 2ϩ sensitivity of a yeast vacuolar Ca 2ϩ mutant K665, which lacks both vacuolar transporters, PMC1 and VCX1 (Ueoka-Nakanishi et al., 2000) . Ca 2ϩ transport into yeast microsomal vesicles by VCAX1 was also determined (Ueoka-Nakanishi et al., 2000) . This initially suggested to us that VCAX1 might be regulated in a different manner to CAX1 (Pittman and Hirschi, 2001) . To test this possibility, we directly compared the ability of VCAX1, CAX1, and the N-terminal truncated form sCAX1 to suppress the Ca 2ϩ -sensitive phenotype of a yeast mutant. We made this comparison using the K667 yeast triple mutant that lacks both vacuolar transporters as well as the Ca 2ϩ -dependent protein phosphatase calcineurin, and tested the ability of each CAX cDNA to suppress the Ca 2ϩ -sensitive phenotype. Although VCAX1 was able to suppress the Ca 2ϩ sensitivity of K667 unlike vector alone or full-length CAX1, suppression was significantly stronger for yeast express- Figure 1 . Partial amino acid alignment of the N-terminal tail region of CAX1 and CAX3 of Arabidopsis and VCAX1 of mung bean. The NRR of CAX1 is highlighted. The arrow indicates Met-37, which is the initiation codon for the truncated variants sCAX1 and sCAX3. The amino acid substitutions that were created in the CAX3 and VCAX1 NRR domains are highlighted. The alignment was performed using ClustalW version 1.8. Identical residues are in black, similar residues are in gray. Gaps introduced to maximize the alignment are denoted by hyphens. The accession numbers for CAX1, CAX3, and VCAX1 are AF461691, AF256229, and AB012932, respectively. ing sCAX1 (Fig. 2) . To determine whether the N terminus of VCAX1 had any effect on Ca 2ϩ transport activity, an N-terminally truncated mutant of VCAX1 (sVCAX1) lacking the first 31 residues was created by PCR. In this mutant, the residue that was Lys-32 of VCAX1 was mutated to Met so that translation would initiate from this Met. VCAX1 was truncated to this residue rather than to the second Met at Met-23, so as to allow direct comparison with sCAX1 ( Fig.  1) . sVCAX1 suppressed the Ca 2ϩ sensitivity of K667 as efficiently as sCAX1 and significantly better than VCAX1 (Fig. 2) . Both VCAX1 and sVCAX1 mRNA transcripts were present at approximately equal levels as determined by reverse transcriptase-PCR (data not shown), indicating that the difference in growth of K667 expressing VCAX1 or sVCAX1 was not due to altered expression.
The assay of K667 yeast growth on the high-Ca 2ϩ medium does not allow us to make precise comparisons of Ca 2ϩ /H ϩ antiport activity. Therefore, to obtain quantitative measurements of VCAX1, sVCAX1, and sCAX1 activity and to confirm that the difference in growth of K667 expressing both full-length and truncated antiporters was due to variation in their Ca 2ϩ transport activity, vacuolar-enriched vesicles were prepared from yeast and 10 m ⌬pH-dependent 45 Ca 2ϩ transport was measured. The vector control yeast vesicles showed no Ca 2ϩ /H ϩ antiport activity, whereas all of the CAX-expressing vesicles showed significant antiport activity (Fig. 3 ). Although Ca 2ϩ /H ϩ antiport activity mediated by sCAX1 and sVCAX1 was essentially identical, VCAX1 vesicles always had less than 30% of the Ca 2ϩ uptake capacity compared with sCAX1 and sVCAX1 (Fig. 3 ).
CAX3 Chimeric Constructs Are Regulated by an N-Terminal Tail
CAX3 is the most closely related gene to CAX1 (Mäser et al., 2001 ), yet it can only suppress the Ca 2ϩ -sensitive phenotype of K667 if modifications are made to its sequence. We have found previously that when particular regions of the sCAX1 open reading frame were swapped into CAX3, CAX3 could then transport Ca 2ϩ (Shigaki et al., 2001 ). All of the CAX3 constructs that were used in this previous study were truncated at the N terminus to remove the first 36 amino acids. This allowed direct comparison of the CAX3 and CAX1 sequences because the CAX1 cDNA that was initially isolated by its function in yeast did not contain these 36 amino acids. To determine whether the CAX3 N terminus may have a regulatory role, some of the truncated CAX1/CAX3 chimeras were compared with versions that contain the N-terminal 36 amino acids of CAX3. Even without its first 36 amino acids, a truncated CAX3 (sCAX3) cannot suppress the Ca 2ϩ -sensitive phenotype of K667, whereas the sCAX1-expressing strain grows very efficiently (Fig. 4; Shigaki and Hirschi, 2000) . We analyzed a CAX1/CAX3 chimera called CAX1-A1, which is the CAX3 N terminus (residues 1-73) fused in frame to CAX1 from residues 74 to 463. Suppression of the Ca 2ϩ -sensitive phenotype was only observed with the truncated chimera (sCAX1-A1), which lacked the first 36 amino acids of CAX3; almost no suppression was observed with the longer version containing the full-length CAX3 N terminus, indicating that this full-length construct was autoinhibited (Fig. 4) . Similarly, we found that other CAX1/CAX3 chimeric constructs no longer suppressed the mutant phenotype when the CAX3 N terminus was present (data not shown).
The Regulatory Function of the CAX3 NRR Is Specific to CAX3
CAX1 is 77% identical to CAX3 and the NRR of CAX1 shares significant sequence identity (24 of 36 identical amino acids) with the NRR of CAX3 (Fig. 1) . Despite such similarity, a CAX1-NRR peptide that can inhibit Ca 2ϩ transport by CAX1 cannot inhibit transport by the "activated" CAX3 mutant, sCAX3-9 (Pittman et al., 2002) . When the NRR of CAX3 was fused in frame to the N terminus of sCAX1, to give the chimera 3N:sCAX1, this construct was still able to suppress the Ca 2ϩ -sensitive phenotype of K667 (Fig.  5A ). Site-directed mutagenesis was performed on the NRR of 3N:sCAX1 to change some of the amino acids that are unique to CAX3 to those present in the equivalent position of CAX1 (Fig. 1) . When amino acids ANV of CAX3 (residues 17-19) were changed to PSI (to give construct 3N-3:sCAX1), suppression of the Ca 2ϩ -sensitive phenotype still occurred, indicating no auto-inhibition (data not shown). When amino acid His-30 was changed to Leu (to give construct 3N-1:sCAX1), this construct was now unable to suppress the Ca 2ϩ phenotype, indicating auto-inhibition (Fig. 5A) .
To confirm that protein stability of sCAX1 was unaffected by the chimeric fusion of the CAX3 NRR, and that the expression of 3N:sCAX1 was not disrupted by the amino acid changes, epitope-tagged versions of each construct were created. It was important to introduce the epitope tags at the C terminus given that the N terminus of CAX1 is clearly important for regulation, and we have shown previously that addition of epitopes to the N terminus of CAX proteins affects protein function (Cheng et al., 2002) . Therefore, a c-myc epitope tag was fused to the C terminus of each of the CAX1 variants. The addition of the five-copy c-myc epitope did not change the Ca 2ϩ suppression phenotype of each CAX variant. For example, sCAX1:c-myc still suppressed the yeast vacuolar Ca 2ϩ deficiency, whereas CAX1:c-myc did not (data not shown). Western analysis performed on total protein isolated from the various yeast strains showed that the expression of c-myctagged 3N:sCAX1 and 3N-1:sCAX1 was equivalent to CAX1 and sCAX1 (Fig. 5B) .
The Regulatory Function of the VCAX1 NRR Is Specific to VCAX1
We have shown that the NRR of CAX3 was able to auto-inhibit sCAX1 activity only after specific modifications had been made to the NRR (Fig. 5A) . To determine the degree of conservation between different plant CAX NRRs, we performed a similar experiment utilizing the VCAX1 NRR. A chimeric fusion was created in which the first 31 residues of VCAX1 were fused in frame to the N terminus of sCAX1 (VN:sCAX1). VN:sCAX1 strongly suppressed the Ca 2ϩ -sensitive phenotype of K667, suggesting that this N terminus is not capable of inhibiting sCAX1 (Fig. 6A) . VCAX1 shares fewer residues in the NRR region with CAX1 compared with CAX3; 18 of the first 31 residues in the VCAX1 N terminus are identical to CAX1 (Fig. 1) . Three significant regions of heterogeneity were identified in the C-terminal end of the VCAX1 NRR compared with CAX1: the ab- (Fig. 1) .
To determine if any of these regions within the VCAX1 NRR were actually responsible for perturbing auto-inhibition, three sets of VN:sCAX1 mutants were generated to add or change those amino acids in the VCAX1 NRR to those present in the equivalent position of CAX1 (Fig. 1) . When amino acids SITA were inserted into VCAX1 after Pro-16 (VN-4: sCAX1), and when amino acids VLT were changed to GSS (VN-3:sCAX1), suppression of the Ca 2ϩ -sensitive phenotype still occurred (data not shown), indicating that auto-inhibition was not conferred.
When amino acids MRH were changed to LRL (VN-2:sCAX1), this construct was unable to suppress the Ca 2ϩ phenotype of K667, indicating that autoinhibition had occurred (Fig. 6A) .
The mutagenesis experiments performed on 3N: sCAX1 and VN:sCAX1 both infer that the Leu residue at position 30 in the CAX1 NRR is important for auto-inhibition of this Ca 2ϩ /H ϩ antiporter (Figs. 5A and 6A). To test this directly, Leu-30 of CAX1 was mutated to His and the ability of the mutant to suppress the Ca 2ϩ sensitivity of K667 was examined. As shown in Figure 6B , although no growth occurred for the strain expressing CAX1, yeast expressing CAX1-L30H grew almost as well as sCAX1 on high- Ca 2ϩ medium, indicating that this single amino acid change abolished auto-inhibition.
We have demonstrated previously that a synthetic peptide that corresponds to all 36 amino acids of the CAX1 NRR (CAX1-NRR peptide) strongly inhibits Ca 2ϩ transport mediated by sCAX1 in a concentrationdependent manner but is unable to inhibit Ca 2ϩ transport by sCAX2, VCX1, or sCAX3-9, even at high peptide concentrations (Pittman et al., 2002) . The effect of the CAX1-NRR peptide was tested on Ca 2ϩ transport by sVCAX1. The peptide slightly inhibited Ca 2ϩ transport by sVCAX1 but was much less effective at inhibiting sVCAX1 compared with sCAX1 (Fig. 7) . However, this inhibition of sVCAX1 was slightly more effective than the negligible inhibition of sCAX1 by a control peptide of similar charge and size to the CAX1-NRR peptide (Fig. 7) . A CAX1-NRR peptide concentration of approximately 25 m was required to inhibit 50% of sVCAX1 Ca 2ϩ /H ϩ antiport activity compared with 5 m of peptide that could inhibit 50% of sCAX1 activity. /H ϩ antiporters from any species. In this study, we suggest that the posttranslational mechanism of N-terminal regulation is not restricted to CAX1, but also exists in other plant antiporters, CAX3 and VCAX1.
DISCUSSION
Many genes encoding putative
The N terminus appears to be an important component in the regulation of Ca 2ϩ transport by CAX3 as well as CAX1. So far, we have been unable to measure transport activity of any substrate by CAX3 unless minor modification are made to its sequence (Shigaki et al., 2001 (Shigaki et al., , 2002 Cheng et al., 2002) . When sCAX3 contained portions of CAX1 that included the nine-amino acid Ca 2ϩ domain (sCAX1-A1) or only the Ca 2ϩ domain (sCAX3-9), the modified sCAX3 was able to transport Ca 2ϩ as inferred by its ability to suppress the Ca 2ϩ sensitivity of the yeast mutant K667 (Shigaki et al., 2001; Fig. 4 ). This was only observed when the first 36 amino acids of CAX3 were lacking, demonstrating that CAX3 contains an NRR. Similar experiments have suggested that CAX4 may also contain an NRR (Cheng et al., 2002) . Unlike the Arabidopsis antiporters, full-length VCAX1 transports Ca 2ϩ . However, the activity of VCAX1 was greatly enhanced by a truncation of the N terminus as shown by increased suppression of the K667 phenotype (Fig. 2) . Previously, VCAX1 was shown to efficiently suppress the Ca 2ϩ -sensitive phenotype of the yeast mutant K665 that lacks PMC1 and VCX1 (Ueoka-Nakanishi et al., 2000) . In this study, we have used a yeast strain that besides lacking the vacuolar Ca 2ϩ transporters, also lacks the calcium-/calmodulindependent phosphatase calcineurin, a positive regulator of various other Ca 2ϩ transporters, such as the yeast Golgi Ca 2ϩ -ATPase PMR1 (Kingsbury and Cunningham, 2000) . This triple mutant is substantially more sensitive to high levels of external Ca 2ϩ than the double mutant, possibly due to the lack of activation of PMR1 (Cunningham and Fink, 1996) . Therefore, with this Ca 2ϩ hypersensitivity, we were able to detect more subtle differences in suppression of the mutant phenotype and observed that VCAX1-expressing cells grew less efficiently on 200 mm Ca 2ϩ media than those expressing sCAX1 or sVCAX1 (Fig.  2) . Furthermore, by direct Ca 2ϩ transport measurements, VCAX1 was shown to transport more Ca 2ϩ into yeast vacuolar-enriched membrane vesicles when the N terminus was removed (Fig. 3) .
The reason why VCAX1 has slight transport activity in yeast but CAX1 has none may be due to differences in binding affinity of each putative N-terminal auto-inhibitor, and, thus, differences in efficiency of auto-inhibition. However, in planta, we believe that both full-length VCAX1 and CAX1 can efficiently transport Ca 2ϩ . Immunological detection of full-length VCAX1 in mung bean using an antipeptide antibody against the N terminus confirms that it is translated from Met-1 rather than Met-23 and demonstrates that it is not proteolytically cleaved in the plant cell (Ueoka-Nakanishi et al., 1999). Ca 2ϩ /H ϩ antiport activity measured from mung bean hypocotyl vacuolar-enriched membranes (Ueoka-Nakanishi et al., 1999) was much higher than the activity measured from vacuolar-enriched membranes of VCAX1-expressing yeast (Fig. 3) . Therefore, in the plant, VCAX1 activity can be up-regulated without N-terminal truncations. By analogy to CAX1, we predict that the N terminus of VCAX1 regulates antiport activity, possibly by a mechanism of autoinhibition, although this remains to be determined. Similarly, we believe that CAX1 exists only as a full-length version in Arabidopsis; thus, CAX1-mediated Ca 2ϩ transport is also likely to be due to activation of the full-length antiporter.
Comparisons of various CAX transporters show that the amino acids that comprise the putative regulatory domains are very conserved (Fig. 1) . However, the regulatory regions were not interchangeable between CAX1, CAX3, and VCAX1 (Figs. 5 and 6) . Similarly, the NRR of CAX1 cannot inhibit sCAX3-9 activity (Pittman et al., 2002) , and we have found that although the CAX1-NRR peptide could weakly inhibit sVCAX1, this was much less efficient than the inhibition of sCAX1 (Fig. 7) . Coupled with our previous findings that the NRR of CAX1 is also unable to inhibit Ca 2ϩ /H ϩ antiport activity of CAX2 and yeast VCX1 (Pittman et al., 2002) , it appears that the regulatory domains of each antiporter act specifically and that the subtle differences between these domains are enough to effect inhibition. These results contrast with studies that analyzed the effects of synthetic peptides derived from auto-inhibitory domains of various Ca 2ϩ transporters and found that these domains cross-react. For example, a peptide against the calmodulin-binding auto-inhibitory domain of the cardiac Ca 2ϩ /Na ϩ exchanger can inhibit activity of both the plasma membrane and sarcoplasmic reticulum Ca 2ϩ -ATPases, whereas a peptide of the rabbit plasma membrane Ca 2ϩ pump can inhibit activity of the Ca 2ϩ /Na ϩ exchanger and both Ca 2ϩ -ATPases (Li et al., 1991; Enyedi and Penniston, 1993) . Similarly, a synthetic peptide that corresponds to the autoinhibitory domain of the Arabidopsis Ca 2ϩ -ATPase ACA2 is almost as effective at inhibiting the activity of another Arabidopsis Ca 2ϩ -ATPase ECA1 as it is at inhibiting ACA2 (Hwang et al., 2000) .
The NRR of CAX1 has been shown previously to directly bind to another part of CAX1, at a region immediately C-terminal to the NRR and just before the first predicted transmembrane span (Pittman et al., 2002) . We suggest that the CAX3 NRR may also interact with the N terminus of CAX3 at a region within residues 37 to 73. A construct containing only this domain of CAX3 fused in frame to CAX1 (CAX1-A1) was not active when the CAX3 NRR was also present, indicating auto-inhibition (Fig. 4) . The construct made up of the CAX3 NRR fused in frame to sCAX1 (3N:sCAX1) was active, indicating no autoinhibition (Fig. 5A) . This indicates that either the CAX3 NRR does not interact with sCAX1 or that it can interact but is unable to inhibit sCAX1 activity. The CAX3 NRR could inhibit sCAX1 when a single His residue at position 30 was substituted to Leu (Fig. 5A) . The only mutation that allowed the VCAX1 NRR to inhibit sCAX1 was the MRH to LRL change (Fig. 6A) . Although we cannot rule out the importance of the Met to Leu change, it is interesting that a His to Leu change was also identified. From these results, we decided to mutate Leu-30 to His in CAX1 and we found that with this mutation, autoinhibition of CAX1 could be blocked (Fig. 6B) . Sitedirected mutagenesis of the CAX1 NRR has identified residues, such as Ser-25, Arg-29, and Thr-33, at the C-terminal end of this 36-amino acid domain, that when mutated, prevent auto-inhibition of CAX1; hence, these residues are important for autoinhibition, maybe for the binding of the NRR to CAX1 (Pittman et al., 2002) . The mutagenesis in this study clearly implies that Leu-30 is also required for CAX1 auto-inhibition.
The results presented here support the idea that one of the main differences between the CAX transporters may be in their regulation. In mammals, three Na ϩ /Ca 2ϩ exchanger genes exist, NCX1, NCX2, and NCX3, which appear very similar in function but the expression of these isoforms appears to be regulated by a variety of independent mechanisms (Blaustein and Lederer, 1999) . For example, expression of NCX2 transcripts is switched off by calcineurin, whereas NCX1 and NCX3 are calcineurin independent (Li et al., 2000) . Many Ca 2ϩ transporters are posttranslationally regulated by the interaction of Ca 2ϩ modulator proteins; for example, VCX1 is inactivated by calcineurin (Cunningham and Fink, 1996) , and ACA2 is activated or repressed by calmodulin and Ca 2ϩ -dependent protein kinase, respectively (Sze et al., 2000) . The CAX transporters may also be regulated by interaction with a modulator protein. In our model for CAX1 regulation, we propose that activity is inhibited by the binding of the N terminus to another region of CAX1, which we term the regulatory-dependent region, and possibly to other regions of the CAX transporter, and that inhibition is released upon the binding of a separate activator protein to the N terminus (Pittman et al., 2002) . The differences in the N termini of the Arabidopsis CAX proteins may reflect their different roles within the plant and within signal transduction pathways. The N termini of the CAX transporters may determine which activators can interact and, therefore, which CAX isoform is activated during a particular signal- (Hirschi, 1999; Shigaki et al., 2002) . VCAX1 is also a very active transporter. A high level of Ca 2ϩ /H ϩ antiport activity was measured in mung bean despite only low levels of VCAX1 protein expressed in the plant (Ueoka-Nakanishi and Maeshima, 2000). These results indicate the importance of regulation for these transporters. In this study, we have demonstrated that various plant Ca 2ϩ /H ϩ antiporters contain N-terminal domains that have the potential to be differentially regulated, indicating that the CAX isoforms may be regulated by different interacting proteins in planta.
MATERIALS AND METHODS
DNA Manipulations
VCAX1 in pBluescript SK(Ϫ) (Stratagene, La Jolla, CA) was subcloned into the EcoRI and KpnI sites of pGEM 7zf(Ϫ) (Promega, Madison, WI), then subcloned into the XbaI and SacI sites of the yeast (Saccharomyces cerevisiae) expression vector piHGpd (Nathan et al., 1999) . Five tandem copies of the c-myc epitope (EQKLISEEDL) were used to produce in-frame fusions of c-myc to the 3Ј ends of CAX constructs. The c-myc fusion was amplified by PCR from plasmid pT7-5Xmyc using the primers: forward, 5Ј-CAG GAT GAG GAG TTT TCT CAT CTA TGG AGC AAA AGC TCA TTT CTG-3Ј; and reverse, 5Ј-GAA TTC GAG CTC TTA ATT CAA GTC CTC TTC AGA AAT G-3Ј. A BseRI site (underlined) was included in the forward primer. This restriction site was generated into the 5Ј end of the c-myc tag to allow ligation into the BseRI site present at the 3Ј end of CAX1 immediately before the termination codon. All PCR amplifications were performed using the high-fidelity Expand polymerase kit (Roche, Indianapolis).
Construction of CAX Chimeric Clones
Chimeric clone sCAX1-A1 was constructed in a previous study (Pittman et al., 2002) . CAX1-A1was constructed by utilizing unique internal restriction sites within the coding sequences of CAX1 and CAX3. The CAX3 NRR fused in frame to the N terminus sCAX1 (3N:sCAX1) was constructed using the primers 5Ј-GGG AGA ACA GCA CAC AAC ATG TCT TCT TCT TCT TTG-3Ј (forward) and 5Ј-CCA AGA AGA AGA AGA CAT GTT GTG TGC TGT TCT CCC-3Ј (reverse) to create the fusion, then the entire construct was amplified using a forward primer against the CAX3 5Ј end (5Ј-GAA TTC GCG GCC GCT AGA TCT ATG GGA AGT ATC GTG GAG-3Ј) and a reverse primer against the CAX1 3Ј end (Pittman and Hirschi, 2001 ). VCAX1 was truncated by removing the first 31 residues and mutating Lys-32 to Met to produce sVCAX1 by using a forward sVCAX1 primer 5Ј-GAA TTC GGA TCC ATG TCT TCC AAC TCA CTT CGC AC-3Ј and a reverse primer against the VCAX1 3Ј end (5Ј-GAA TTC GGT ACC CTA AGC ACT TAA AAC TCC-3Ј). The VCAX1 NRR fused in frame to the N terminus of sCAX1 (VN:sCAX1) was constructed using the primers 5Ј-GGT CGC ACT GCG CAC AGC ATG TCT TCT TCT TCT TTG-3Ј (forward) and 5Ј-CAA AGA AGA AGA AGA CAT GCT GTG CGC AGT GCG ACC-3Ј (reverse) to create the fusion, then the entire construct was amplified using a forward primer against the VCAX1 5Ј end (5Ј-ACG CAA TCT AGA ATG GGT TCT CAC CAA CAC G-3Ј) and a reverse primer against the CAX1 3Ј end. All chimeric constructs were subcloned into pGEM-T Easy (Promega) and were completely sequenced before they were subcloned into piHGpd.
Site-Directed Mutagenesis
All site-directed mutagenesis was performed using a PCR and type IIS restriction enzyme-based method (Shigaki and Hirschi, 2001) . A type IIS BsmBI restriction site (underlined) was present in each primer. The 3N-3: sCAX1 mutant (ANV to PSI change) was produced using the primers 5Ј-GAA TTC CGT CTC AAC GGA AAC CCA AGC ATA ACC GCG AAA GGC-3Ј (forward) and 5Ј-GAA TTC CGT CTC TCC GTT CTC GGC GAT TGC TGC CCA TGG CTC-3Ј (reverse) and the 3N-1:sCAX1 mutant (His-30 to Leu change) was produced using the primers 5Ј-GAA TTC CGT CTC GAG CTG CGA CTT GGG AGA ACA GCA CAC AAC-3Ј (forward) and 5Ј-GAA TTC CGT CTC CAG CTC CCT GCT CGA GCC TTT CGC GGT CAC-3Ј (reverse). The VN-4:sCAX1 mutant (the addition of SITA after Pro-16) was produced using the primers: forward, 5Ј-GAA TTC CGT CTC AAC CCG AGC ATA ACA GCA AAG GTG TTA ACA AGG GAA ATG-3Ј; and reverse, 5Ј-GAA TTC CGT CTC CGG GTT TCC GTT CTC CAG-3Ј. The VN-2:sCAX1 mutant (MRH to LRL change) was produced using the primers: forward, 5Ј-GAA TTC CGT CTC CGG TCG CAC TGC GCA CAG CAT GTC TTC-3Ј; and reverse, 5Ј-GAA TTC CGT CTC CGA CCC AGT CTT AGT TCC CTT GTC AAC ACC TTC GG-3Ј. The VN-3:sCAX1 mutant (VLT to GSS change) was produced using the primers: forward, 5Ј-GAA TTC CGT CTC CAG GGA AAT GAG ACA TGG TCG CAC TG-3Ј; and reverse, 5Ј-GAA TTC CGT CTC CCC CTG CTG CTT CCC TTG GGG TTT CCG TTC TCC AG-3Ј. The CAX1-L30H mutant was produced using the primers: forward, 5Ј-GAA TTC CGT CTC CTA AGA CAC GGC CGA ACC GCT CAC AAC ATG TCT TCT TC-3Ј; and reverse, 5Ј-GAA TTC CGT CTC TCT TAG TTC TCT GCT CGA-3Ј. All constructs were completely sequenced before they were subcloned into the yeast expression vector piHGpd.
Yeast Growth and Transformation
The yeast strain K667 (cnb1::LEU2 pmc1::TRP1 vcx1⌬; Cunningham and Fink, 1996) was transformed and grown as described previously (Pittman and Hirschi, 2001; Shigaki et al., 2001 ).
Protein Isolation and Western Analysis of EpitopeTagged CAX Constructs
Total protein was isolated from yeast expressing c-myc-tagged CAX constructs using the glass bead method (Ausubel et al., 1998) . Protein concentration was determined by protein assay (Bio-Rad, Hercules, CA). Protein samples were separated by SDS-PAGE on a 12% (w/v) precast gel (Bio-Rad) and transferred to polyvinylidene fluoride membrane (Pall Gelman, Ann Arbor, MI). The blots were blocked in 5% (w/v) nonfat dried milk in phosphate-buffered saline with Tween (PBS-T; 10 mm NaH 2 PO 4 / NaOH [pH 7.2] and 150 mm NaCl with 0.1% [v/v] Tween 20) for 1 h, and then reacted with a 1:1,000 (v/v) dilution of anti-c-myc monoclonal primary antibody (Berkely Antibody Co., Richmond, CA) in PBS-T for 1 h at room temperature. The blots were washed in PBS-T before incubating for 1 h in PBS-T containing a 1:10,000 (v/v) dilution of horseradish peroxidasecoupled anti-mouse secondary antibody (Amersham, Little Chalfont, UK).
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